Since Horton in 1965, many authors have sought to aggregate different variables characterizing the state of water into a single value called Water Quality Index (WQI). This index is intended to facilitate the operational management of water resources and their allocation for different uses. Detailed and operational description of the main WQI calculations are here reviewed. The review contains: (1) an historical analysis of the evolution of WQI calculation methods by looking both at the choice of variables, the methods of weighting and aggregating these variables into a final single value; (2) an illustration of the contradictions observed in the final result when, on the same database, the WQI is calculated by different methods; (3) the significant progress possible via fuzzy logic to define a WQI adapted to specific water use.
Introduction
The increasing population, the expansion of economic activities, and urban sprawl are leading to increased demand for water. The overuse of surface water and groundwater is jeopardizing numerous resources because of the reduction of the available quantities and the deterioration of their quality [1, 2] .
The deteriorated quality of surface water is becoming a serious issue in many countries [3] and water quality monitoring is among the highest priorities in resources protection policy [4] . Thus, recently developing countries have intensified efforts to evaluate the quality of rivers [5] .
Due to spatial and temporal variations in water quality, which often are difficult to interpret, monitoring of the composition of waters is necessary [6] .
The assessment of water quality is a prerequisite for the implementation of water protection policies and optimal allocation of different water sources according to their uses. Indeed, surface water has often been evaluated using norms [7] . However, sources of pollution are diverse: urban, industrial and agricultural pollution (diffuse or point source).
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In India, Bhargava 1983 [14] 's studies introduced a new WQI where the combination of variables highlights more specifically the pollution load. He defined later the variables to be introduced and specified the WQI's formula according to the water use [46] (see Appendix B.2 for calculation details).
Tiwari and Mishra 1985 [47] proposed another WQI based on the same principles of those of Horton and Brown et al. but they modified the weighting method by introducing the normative values of the major variables of the water. Logarithm and antilogarithm have been used in their aggregation to keep harmonic the magnitude of sub-indices (see Appendix D.1 for calculation details).
House and Newsome 1989 [48] consider that using a quality index (WQI) allows for quantifying the "good" and "bad" water by reducing the number of data on a range of biological and physico-chemical variables and representing them in a single index simple, reproducible and objective.
In Canada, the Canadian Council of Ministers of the Environment (CCME) introduced a WQI developed by the "Water Quality Guidelines Task Group" in the mid 1990s, the idea was inspired from British Columbia Water Quality Index (BCWQI) [49] . The index proposed is non-linear. The concept of Canadian indices is based on the frequency of sampling and measurement, the frequency of values outside the required objectives and the deviation from recommended value of each variable (see Appendix C.1 for calculation details).
In 1996, the Lower Great Miami Watershed Enhancement Program (WEP) in Dayton, Ohio developed a water quality index WEPWQI, which encompasses the chemical, physical and biological variables and an index of the river, which includes water quality variables, flow measurements and water clarity (turbidity). Both indices are expressed on a scale: excellent, good, fair and poor. Pesticide and Polycyclic Aromatic Hydrocarbon contamination are included in the variables selected to calculate the WQI, which makes this index differ from the NSFWQI [38] .
In the first decade of the 21st century, new indices appeared, simplifying further the existing formulas and better defining the field of the application of the index. For example, Overall Index of Pollution assesses a number of water quality variables based on the measurement and subsequent classification of each of them [50] ; the Index of River Water Quality categorizes the variables following three aspects: "organic", "particulates" and "microorganisms", calculates a geometric average for each category before aggregation in a single index [17] ; the Scatterscore index evaluates the water quality around mining sites in USA and identifies the changes of water quality with time and space [51] . Said et al. 2004 [38] developed a new WQI, using the logarithmic aggregation. Their idea was to reduce the number of variables to be introduced in the index and to change the aggregation method, while keeping its accuracy. Next, they used a random database to test their index and showed it gives similar results to NSFWQI and WEPWQI (see Appendix D.2 for calculation details).
The most recent method for calculating a WQI is based upon fuzzy logic and was introduced by Icaga 2007 [52] , inspired from Silvert 2000's [53] work on environment assessment (see Appendix E for calculation details).
Fuzzy logic is a form of many-valued logic that expresses the partial truth between being false or true. It takes any real number between 0 and 1, conversely of the boolean logic where the truth values of variables may only be the integer values 0 or 1 [54] .
Thus, subjective and non quantitative data can be used such as odours, which can be left out of the equations because they cannot be adequately measured. The concept of acceptability itself is considered as fuzzy [53] .
The assessment by fuzzy logic generally is based on a numerical scale representing water quality. Thus, since the 1990s methods of aggregating water quality variables have been studied and used, particularly in the assessment of environmental quality of waters [55, 56] .
Evidence of Disagreement Between Water Quality Indices Results in Published Works
The initial objective of WQI was to classify waters into classes by aggregating and weighting different data. However, as shown above, the number of indices proposed in the literature increased so far that the present picture is not clear at all. Twenty indices were reviewed by Steinhart et al. 1982 [57] , later Van Helmond and Breukel 1997 [58] demonstrated that at least 30 water quality indices are of common use around the world [45, 59] . This is first apparent when using different WQIs to check a given database. Disagreements appear in three cases: (i) the same WQI is used, but the limits of classes differ; (ii) different WQIs are used, on the basis of the same variables, and lead to different classifications; (iii) different WQIs are used, on the basis of different types or numbers of variables.
Disagreement Using the Same WQI
In India, Sharma et al. [60] used two scales for the same index to evaluate surface waters quality in Ganges river at various locations in Allahabad (Table 2) : the scale used by Yadav et al. [61] and the scale proposed by Ramakrishnaiah et al. [62] , both to assess groundwater. The results of Sharma et al. show that the waters of Ganges are of "good" water quality when Ramakrishnaiah et al.'s classification is used (Table 3) . However, by reclassifying these waters according to Yadav et al.'s scale, we find that the quality index shifts towards the "poor" quality class, which fits better with the expert's judgement of the study case (Table 3) . Despite the use of the same variables, the classification from each index differs, especially in the evaluation for drinking water. However, in the evaluation of wastewater, the values of indices and their classifications are closer. The difference in classification is interpreted by the fact that the indices and the limits of classes were designed for the USA and may not be applicable to Columbia due to different natural and anthropogenic activities [59] .
Akkoyunlu and Akiner 2012 [63] used CCMEWQI, OWQI (Oregon WQI, see Appendix C.2 for calculation details) and NSFWQI to evaluate water quality in eight rivers in Turkey; they show a significant difference between the classes of the water quality in the same site but with different indices (Table 5 ). This work, referring to the water quality classes defined in the Water Pollution Control Regulation of Turkey for inland surface waters, conclude that CCMEWQI and OWQI cannot be used for evaluation of rivers of Sapanca lake Basin in Turkey. In this particular case, the authors seek to measure the impact of water quality on eutrophication by classifying their waters according to this risk. The CCMEWQI and OWQI indices, having been constructed for a broader pollution assessment, are therefore also sensitive to variables such as FC, a variable which, in principle, does not affect eutrophication but which contributes to degrading the position of water in the water quality classification. Thus, if FC values are strongly high (range 10,000-1,000,000 [63] ) and phosphate values are larger than acceptable (up to 1), CCMEWQI and OWQI classify the waters directly in class IV, i.e., "poor quality", whereas NSFWQI classifies in the "medium" class.
Finally, they selected a subset of variables, linked a priori with the eutrophication risk, including o-phosphate and five others but excluding FC, to define WQI eut , aimed to specifically assess the eutrophication risk.
Modification of the Aggregation Method and of the Nature of Variables
Said et al. [38] proposed a new WQI, called NewWQI, requiring fewer variables than NSFWQI and WEPWQI and compared these three indices (for the detail of calculation see Appendix D.2). Although the limits of classes of water are different, they observe that a given water is found in the same quality class. For example, a water with an NSFWQI of 77.9 or a WEPWQI of 54, has a New WQI of 2.22 and in all three cases is classified as "good quality water". Lumb et al. [40] compared the US indices with the Canadian index (i.e., CWQI). The selected American indices are: the two indexes AWQI [11] , MWQI [13] and Oregon WQI [37] (i.e., OWQI). They computed them on two sets of data based on different numbers of variables, respectively 7 and 10, and raw data from a sampling of 144 stations per year.
The results obtained from their comparison (Table 6) show that the agreement between American WQIs and CWQI taken as reference, e.g., OWQI is in agreement with CWQI for 77% of stations sampled and 65% of years studied. It appears clearly that only the comparison between CWQI and OWQI with 10 variables is acceptable. However, between CWQI and the two indices AWQI [11] and MWQI [13] , the percentage of similarity is only between 0 and 7%. Concerning the number of variables introduced in calculations, the higher the number of variables in OWQI and MWQI, the more similar the results are to CWQI. However, the result is the reverse for the AWQI. They explained that the differences of classification of waters depended on the four indices by the mode of aggregation of variables and parameters used in calculation of each index. In fact, OWQI and CWQI are indices obtained by non-linear aggregation, while AWQI and MWQI are obtained by linear aggregation.
Test of Four WQIs Using the Same Dataset
In order to highlight the spatio-temporal contradiction of the water classification using different WQI, four Water Quality Indices were tested. For this context, the logarithmic and arithmetic index proposed by Tiwari and Mishra (TMWQI) [47] (for calculation details, see Appendix D.1), the arithmetic index proposed by Ramakrishnaiah et al. (RWQI) [62] (for calculation details, see Appendix A.5), the harmonic square average index proposed by CCME (CCMEWQI) [64] (for calculation details, see Appendix C.1) and the fuzzy logic WQI proposed by icaga (FWQI) [52] (for calculation details, see Appendix E) were compared using the same dataset. Data were collected from two different locations in Mejerda watershed in Tunisia and in three different periods: summer 2015, winter 2015 and spring 2016. The 13 variables measured are: pH, EC, TDS, DO, COD, calcium, magnesium, sodium, potassium, bicarbonate, sulphate, chloride and nitrate ( Table 7) .
The results described in Table 8 , confirm the contradiction detected with the application of different WQIs. In the majority of cases, the indices qualify the samples in adjacent water quality classes. However, it is possible to find that the indices characterize them conversely as it was obtained through the analysis of spring sample of station 2.
In fact, these results can be explained by the way of the aggregation of the indices. Among the four WQIs, only the RWQI depends on the expert opinion. For this reason, it was necessary to check the difference of classification between RWQI and other methods based on standards.
In addition, RWQI and FWQI methods may conduct to stable water quality classification comparing to the other approaches. For the case of CCMEWQI and FWQI, all the calculated subindices are normalized into a common scale, which reduces the effect of the ranges of the measurable variables ( i.e., pH ranges from 0 to 14 in any case; however, the CE ranges from 0 to 1559 µS/cm in our case). The depth of analysis of each WQI helped to detect that the FWQI approach classifies the variables in the first steps of the calculation but the other methods use all variables as if they belong to the same class. This method of calculation may lead to more accurate results with the application of FWQI. 
Discussion
The main idea of WQI is to transform a number of selected variables, which are quantitative and intensive, into a single variable which is qualitative, ordinal and intensive. However, the considered variables have different units and ranges of values. Thus, in the aggregation process, all variables must be turned into subindices expressed on a single scale. In the principle of WQI calculation, expert opinions are required for the selection of the variables and in the choice of their weights in the aggregation. A weighting coefficient is assigned to each variable based on their potential impacts on water quality. The Figure 1 describes the steps followed generally in the elaboration of a WQI.
In the literature, the development of water quality indices has undergone two types of evolutions. The first is the consideration of normative progress (e.g., WHO guidelines and standards) on the quality of water that has affected the weighting methods. The second is related to the progression of digital processing that has impacted aggregation methods. 
Choices of Variables
The quality of the water varies according to the spatio-temporal dimensions of its course during its cycle and according to its allocations and uses. The latter determine the choice of water quality variables, the analytical method and the sampling period. The acquisition of water quality data must follow harmonized and well defined protocols both in field sampling methods, monitoring of non-conservative variables such as temperature, pH, oxido-reduction potential. . . and in the laboratory analyses (COD, BOD5, anions, cations. . . ). Water quality is not defined by a single specific variable, whereas the WQI, by combining many variables, expresses this quality in a single relevant value, in relationship with the water management objectives, on a scale of value. The Delphi method [44] can be used in the selection of these variables, but it remains dependent on the expert opinion. The consequence is that the final WQI can be highly variable depending on the panels of experts solicited.
However, the introduction of statistics and multivariate analysis over the last decade now permits a selection of variables while erasing this "opinion" effect, and this increases the robustness of the final result. Bhargava [65] , like Icaga [52] , proposes that the selection of variables be made according to the water management objectives.
Since the first water quality index [10] , the number and nature of the variables introduced into the different calculation proposals range from 5 [38] to 78 [66] . This raises from the outset difficulties in the acquisition of data and of analytical loads of laboratories when regular monitoring of water quality is carried out. Thus, the variables must be carefully selected according to the location of the waters studied and the sampling periodicity [39] . In addition, the number of variables introduced in WQI affects the final classification of water qualities [40] . One must ask: if few variables are considered in the calculation of WQI are they the most relevant to define water quality? Furthermore, if other pollutants, limiting this quality, are present in the water, such as heavy metals or xenobiotics, is the conventionally calculated WQI still relevant? In principle, this is inconsistent with the original concept of WQI by Horton: "Water containing such substances is considered not eligible for index rating" (see above).
If on the contrary, a large number of variables is considered, it is likely that they are not independent, so that fewer variables can be used to detect any deterioration of water quality.
The Weighting Methods
Two methods of weighting are generally used. The first is based on the experts' opinions, either to choose the variables or to assign weights to the variables (e.g., [10, 11, 13] , etc.). The second is based upon water quality guidelines, and the weights are defined as functions of the standards proposed in these guidelines (e.g., [37, 47] , etc.). In both of the methods, the weighting highly affects the final index obtained and can change significantly when changing the experts panel or when changing the guidelines used.
The Aggregation Methods
Different ways to aggregate variables have been used. Mainly, they are: the weighted arithmetic average, the weighted geometric average, weighted and unweighted harmonic square average, and more recently, aggregation by using logarithmic functions or founded on fuzzy logic. The first WQIs were arithmetic averages, then they took a geometric form. The disadvantage of the geometric average with respect to the arithmetic average is that if the value of one of the variables is close to zero, whatever the weighting of the variables, the WQI will tend to 0. However, a WQI calculated with a geometric average is less affected by the extreme values of variables than a WQI calculated by an arithmetic average [67] . Then, in the beginning of the 1990s, the unweighted harmonic square average method was considered an improvement over the weighted arithmetic average and the weighted geometric average. In particular, under these conditions the influence of the values of the variables had a direct impact on the WQI value [68] . Thus, strong anomalies that would be measured on certain variables during monitoring the water quality, will be observable in the value of the final WQI. Later, at the end of the 20th century, with the generalisation of computer use, the aggregations took other forms, such as logarithmic functions. However, even in recent literature most of the proposed WQIs remain based on arithmetic or geometric aggregations.
Fuzzy Logic
The concept of "acceptability" is seen by some people as fuzzy [53] . It consists of defining sets of acceptable conditions in which quantitative variables are transformed through fuzzy membership functions representing a degree of acceptability (Figure 2 ). The membership functions allow for defining acceptable upper limit (mf1, e.g., nitrate, FC), lower limit (mf4, e.g., DO), inside interval (mf2 and mf3, e.g., temperature and pH) or outside interval (mf5, e.g., temperature unfavourable to pathogens). Another significant difference between the Icaga index and the others is that it allows for the consideration of subjective data, such as smell or color.
For each variable, the membership function takes a value between 0 and 1 and this value is affected to the corresponding subindex. Then these subindices must be combined. The paper by Icaga is however not explicit on this point: this author uses OR logic operator in a series of tests. This operator ensures the maximum membership to a water quality class. Implicitly, it seems that for assessing the water quality, a hierarchy of variables is considered, and weighting factors, not explicitly given, are used. However, the logic can propose also a minimum membership to a water quality class when using the AND operator [69] .
This index is thus innovative because it is defined by critical variables allowed by fuzzy logic. Indeed, once one of them exceeds the allowable limits, the water quality is automatically downgraded.
Bhargava's index uses implicitly the fuzzy logic, since he defined a constant calculated in function of permissible limits. The subindex used in the aggregation decreases exponentially, which leads to a downgrade of the water quality into "unsuitable" class. This makes it possible to generate numerous intermediate classes of quality between the classes "good" and "bad", which cannot be defined by any isolated variable. This increases the sensitivity of the method and gives a rigorous framework to evaluation. In the indices founded on fuzzy logic, experts intervene only at two levels. In the first step, when classes and membership variables are defined, and in the last step, in the defuzzyfication to obtain the output index. In his paper, Icaga did not define the output function, but we propose a simpler way to combine the subindices.
According to the water management objective defined a priori, i.e., drinking water, irrigation etc., we can define weighting factors and consider some quality variables. Then, we can combine the subindices in the following form 1:
where: a i , are coefficients of degree of impact of each membership function m f i on the water quality with the constraint (∑ i a i = 1).
Conclusions
Since the development of the first WQI by Horton (1965) , several complex approaches were used to establish more accurate WQI. Significant changes were noticed with a transformation of continuous quantitative intensive variables into an ordinal qualitative intensive value through either a weighted or unweighed aggregation. Our review of several WQI developed by experts and scientists, shows that the context is rarely considered, the water allocation objectives, and the way in which it affects weighting factors are poorly determined. Therefore, the weighting should be decided according to the use of water. Accordingly, a Universal WQI cannot be defined.
In addition, the use of fuzzy logic seems the clearest innovation in the last decade and it is appropriate for an accurate WQI. This approach allows to evaluate the impact of each variable in the final index of the quality of the water. However, it remains to establish weighting factors for specific water use. These weighting factors must be locally determined. 
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Appendix A. Weighted Arithmetic Average
Appendix A.1. Horton's Index
The WQI calculated by the method described by Horton, is given by the following formula:
where: S n is the subindex assigned to the nth variable; w n is the relative weight of the nth variable; m 1 is a temperature correction factor (0.5 if the temperature is below 34 • C, otherwise 1); m 2 is a correction pollution factor (0.5 or 1). Rating scales (0 to 100 for each variable) were assigned and each variable was then weighed from 1 to 4 according to its relative impact. The more significant variable was given the higher weight [39] .
Appendix A.2. First National Sanitation Foundation Water Quality Index (NSFWQI) in 1971
One of the challenges in the concept of Horton was selecting the right variables to include in the WQI [39] .
Brown et al. developed another version of the WQI with the support of the National Sanitation Foundation hence the name of this index NSFWQI.
Brown's method is based on the method of Dalkey (Rand Corporation's Delphi technique) and was done by selecting variables rigorously, the development of a common scale and assigning weights to the variables.
A panel of 142 experts was asked to compare overall water quality using a scale of 1 (highest) to 5 (lowest) for the selected variables.
Variables to be involved in the formula are : DO, Fecal Coliforms, pH, BOD, Nitrates, Phosphates, Temperature, Turbidity and Dissolved Solids. Each variable got a rating calculated using arithmetic mean, then rates have been converted into temporary weights. Next, each temporary weight was then divided by the sum of all the temporary weights to arrive at the final weight. Table A1 expresses the weight of each variable introduced in the the NSFWQI: The NSFWQI next is given by the following formula:
where q i is The quality class for the nth variable; W i is the relative weight for the nth variable (∑ W i = 1). The index works well if all variables are independent of each other. Special procedures have been proposed to "pesticides" and "toxic compounds", if any of them exceeds its assigned upper limit (e.g., 0.1 mg/L for pesticides), the WQI is automatically recorded as 0.
Brown et al. considered the possibility of using a color spectrum to illustrate the scale of water quality in each region, with the dark red denoting a very poor water quality (WQI = 0-10), a strip narrow yellow representing average quality (50 WQI) and dark blue (WQI = 90-100) representing excellent water quality. As it is explained in the history of WQI, the idea of Prati et al. was transforming concentrations of pollutants into levels of pollution.
In the first step, water quality was classified vis a vis all the variables based on water quality standards, the classification is explained in Table A2 , next, in the second step, one pollutant was taken as reference and its actual value was considered directly as reference index. The third step consists of transforming these values into sub-indices using mathematical equations. This transformation took into account the polluting capacity of the variables related to a selected reference variable [20] .
Next, the index was computed as the arithmetic mean of the 13 subindices for groundwater with the following formula:
For the surface water, only the first 11 variables are used so the sum is from 1 to 11. The index ranges from 0 to 14, and was applied by Prati et al. on surface water in Italy. 
Nitrates (ppm) 4 12 36 108
Chlorides (ppm) 50 150 300 620 >620
Alkyl Benzene sulphonates (ppm) 0.09 1.0 3.5 8.5 >8.5
. First Dinius Water Quality Index (DWQI) in 1972
In the 1970s, many indices were developed, so in 1972, Dinius developed his first WQI from a review of published scientific literature, so his index was calculated as the weighted sum of the subindices, like Horton's index, and the additive version of the NSFWQI, he chose 11 variables to be introduced into his index (Table A3) . Table A3 . Subindex Functions of Dinius' Index.
Subindex

Number
Variable Subindex Colour (C units)
Next the WQI is computed as:
where I i is the subindex function of the pollutant variable; W i is the unit weight of the pollutant variable whose value ranges from 0 to 1; The weights ranged from 0.5 to 5 on a basic scale of importance and the sum of these weights was 21, which is the denominator in Dinius formula.
Appendix A.5. Method of Ramakrishaniah [62] 
(RWQI)
RWQI is an arithmetic average approach proposed by [62] , where the weighting is calculated according to experts' opinions and depending on the importance of the parameter.
The RWQI is given by the following formula:
where: q i is the quality class for the nth variable; w i is the relative weight of the nth variable; In the first step, q n is calculated according to the following formula:
× 100 for pH and DO (A6)
In the second step, the relative weight (W i ) is calculated using the following equation:
where W i is a temporary weight of each variable.
From RWQI values, waters are classified into five categories (Table A4) . Table A4 . The RWQI classification.
RWQI Quality Class
<50 Excellent 50-100 Good 100-200 Poor 200-300 Very poor >100 Unsuitable
Appendix B. Weighted Geometric Average
Appendix B.1. Second National Sanitation Foundation Water Quality Index (NSFWQI) in 1973
Brown et al. proposed another formula for calculating the WQI after finding that the multiplicative formula is better suited with the opinions of experts, this formula is given by:
where q i is the quality class for the nth variable; W i is the relative weight for the nth variable(∑ W i = 1). Brown et al. kept the same scale of classification of water quality. Table A5 . Subindex Functions of Bhargava's Index.
Variables Subindex Function
Group The method of Bhargava is only derived from the method of Brown and his index classify the waters into a scale ranging from 0 for extremely polluted to 100 for absolutely unpolluted water.
Appendix B.3. Second Dinius Water Quality Index
In 1987, Dinius developed a multiplicative DWQI using Delphi method in the choice and the range of variable to be included in his new formula.
The DWQI was developed using Delphi method, and it was designed for particular uses of the water which are: recreation, fish, shellfish, public supply, agriculture and industry. Twelve variables were used in this index: DO, 5-day BOD, coliform count, E-coli count, pH, alkalinity, hardness, chloride, specific conductivity, temperature, color and nitrate [33] .
Variables' weights were assigned using Delphi method and subindices' functions were combined using additive aggregation function expressed in Table A6 . The new index of Dinius had the following form:
where I i is the subindex of pollutant variable (between 0 and 100), w i is the unit weight of pollutant variable (between 0 and 1), n is the number of pollutant variables.
As other water quality indexes, the DWQI value ranges from 0 to 100.
Appendix C. Weighted and Unweighted Harmonic Square Average
Appendix C.1. Canadian Council of Ministers of the Environment Water Quality Index (CCMEWQI)
The index of the quality of Canadian waters is taken from the formula of British Columbia Water quality index (BCWQI) found in 1990 [49, 71] and was used as the basis for identifying the public priority actions of the Manitoba department of Environment [72] .
Conceptually, CCME WQI is based on a combination of three factors determined in CCME. Factor 1 (F1) represents the scope, which assesses the extent and non-compliance with water quality directive in the interest period.
Factor 2 (F2) represents the mean frequency and number of times tested or observed value was out of acceptable limits or standards.
Factor 3 (F3) represents the magnitude of the deviation or values whose objectives are not achieved.
Number of failed variables Total number of variables ) × 100 (A12)
Number of failed tests Total number of tests ) × 100 (A13)
The nse variable is expressed as:
The collective amount by which individual tests are out of compliance is calculated by summing the departures of individual tests from their objectives and dividing by the total number of tests. For the cases in which the test value must not exceed the objective:
For the cases in which the test value must not fall below the objective:
For the cases in which the objective is zero:
The value of the index is calculated using the following formulation:
The vector length can reach √ 100 2 + 100 2 + 100 2 = √ 30000 = 173.2, so division by the factor 1.732 is only to adjust CCMEWQI into 0 to 100 scale. The above formula produces a value of CCMEWQI between 0 and 100 and provides a digital value to the state of the water quality. Zero means very poor quality of water, while a value close to 100 means excellent water quality. The assignment of CCME WQI values to different categories is a somewhat subjective process and also requires expert judgment and expectations of public water quality. The water quality is classified into five categories with descriptions as shown in Table A7 . Table A7 . Classification of water quality according to Canadian Council of Ministers of the Environment (CCME) method [64] .
WQI
Quality Class Description
<44 Poor Water quality is almost always threatened or impaired; conditions usually.
45-64
Bad Water quality is usually protected but occasionally threatened or impaired; conditions sometimes depart from natural or desirable levels.
65-79
Marginal Water quality is usually protected but occasionally threatened or impaired; conditions sometimes depart from natural or desirable levels.
80-94 Good
Water quality is protected with only a minor degree of threat or impairment; conditions rarely depart from natural or desirable levels.
95-100 Excellent
Water quality is protected with a virtual absence of threat or impairment; conditions very close to natural or pristine levels Appendix C.2. Oregon Water Quality Index (OWQI)
The WQI of Oregon, developed by the Oregon Department of Environmental Quality (ODEQ) in the late 1970s and updated several times since then, is another frequently used WQI in the public domain [37] .
However, the original OWQI was abandoned in 1983 because of the tremendous data and resources needed for the calculation and presentation of results.
With the advances in computer technology, improved tools display and data visualization, allowing a better understanding of water quality, the OWQI was updated in 1994 by refining the original sub-indices adding temperature and a total phosphorus subindex thus improving aggregation calculation.
The original OWQI was modeled after the NSFWQI where Delphi method was used for the selection of variables [73] .
Most of the indicators of the quality of water used in the United States are based on the method of Brown, so the OWQI, except in the concept of this index, incorporates the measures of the eight variables of water quality (temperature, DO, BOD, pH, ammonia + nitrate nitrogen, total phosphate, total solids, and FC).
The water-quality variables were classified according to the impairment categories, i.e., oxygen depletion, eutrophication or potential for excess biological growth, dissolved substances and health hazards [20] .
In 1994, OWQI took another shape after the work of Dojlido et al. and the calculation formula became:
where q i is the quality class for the nth variable. Water quality classes' limits in terms of OWQI scores are different from those based on NSFWQI, the new classes are: excellent: 91-100; good: 85-90; just: 80-84; poor: 60-70; and very poor: 0-59.
Appendix D. Logarithmic Aggregations
Appendix D.1. The WQI Proposed by Tiwari and Mishra (TMWQI)
The WQI calculated by the method described by Tiwari and Mishra is similar to the basic method of Horton. Except in this method, the logarithm and antilogarithm is used, and it is only for mathematical purposes, indeed the logarithm reduces the magnitude of the chemical variables and the antilogarithm is used after, to broaden and make visible the classification scale. The WQI is calculated by the following formula:
where: q n is the quality class for the nth variable; W n is the relative weight of the nth variable; In the first step, q n is calculated according to the following formula [74] :
× 100 for pH and DO (A22)
where V n is the value of variable in sample n; S n = value of variable recommended by guidelines; V ideal = the ideal value which is considered by some researchers, who applied this method like Tripathy and Sahu, 7.0 for pH and 14.6 for DO .
In the second step, the relative weight (W n ) is calculated using the following equation:,
where K is a proportionality constant given by :
From TMWQI values, waters are classified into five categories (Table A8) . The idea of Said et al. was to calculate the WQI into two steps, in the first one, water quality variables were ranked according to their significance. In the second step, many forms were tested to give to DO the highest weight followed by fecal coliform and total phosphorus, also to keep the index in a simple equation. Finally, the logarithm was used to give small numbers that are easily used by the management decision-makers, the stake-holders, and the general public.
The variables included on the new WQI are: DO, total phosphates, fecal coliform, turbidity, and specific conductivity, and were chosen according their powers on the effect on water conditions. Said et al. felt that turbidity and specific conductance have linear effects, which have lesser influence on the values of the variables, in the index formula [20] .
The subindices were eliminated in the formula of the new WQI, and there is no need to standardize the variable, which made the calculation more simplified. 
where DO is the Dissolved Oxygen (% oxygen saturation); TURB is the Turbidity (Nephelometric turbidity units [NTU]); TP is the total phosphates (mg/L); FC is the fecal coliform bacteria (counts/100 mL); SC is the specific conductivity in (MS/cm at 25 • C); The index was designed to range from 0 to 3. The maximum or ideal value of this index is 3. In very good waters the value of this index will be 3. From 3 to 2, the water is acceptable, and less than 2 is marginal and remediation, if one or two variables have deteriorated, the value of this index will be less than 2.
If most of the variables have deteriorated, the index is less than 1, which means that water quality is poor. where QV i is the quality variable; I, I I, I I I, IV are the quality classes in conventional classification; N is the number of quality variables. In the rule bases the "or" operators are used to obtain maximum values. 5.
Using the fuzzy algorithm: In fuzzy algorithm, the Mamdani [75] approach is used. Fuzzy inferences of the groups are determined using grades of membership functions of the variables; 6.
Defuzzification of the inferences to obtain an index whose value ranges (0;100) interval using Centroid methods, which calculate the center of gravity of the output function. Table A10 . The limits of the membership functions [52] . 
The Variables of the Membership
